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Abstract 


Various studies have indicated that Wind Energy has 
the potential to make significant contributions to 
the Nation's energy needs. The level of contribu- 
tion depends on the initial and operating costs of 
the machines which can convert wind energy to elec- 
tricity or other forms of energy useful to the public. 

Fart of the cooperative effort between NASA and the 
Energy Research and Development Agency (EREA) has 
been the design and the erection of an experimental 
wind turbine by the NASA-Lewis R -search Center. This 
100 kW turbine, designated the Mod-0, is located at 
the NASA Plum Brook site near Sandusky, Ohio. 

Experimental test data have been correlated with 
analyses of turbine loads and complete system behav- 
ior of the ERDA-NASA 100 kW Mod-0 wind turbine gen- 
erator over a broad range of steady state conditions, 
as well as during transient conditions. 

The deficit in the ambient wind field due to the up- 
wind tower turbine support structure was found to be 
very significant in exciting higher harmonic loads 
associated with the flapping response of the blade 
in bending. 


NOTATION 


the nation to reassess all forms of energy, in- 
cluding wind power, to determine their practical- 
ity. In January 1975, the responsibility for the 
nation's wind-energy program was assigned to the 
newly formed energy agency , Energy Research and 
Development Administration (ERDA). Under the 
overall program, the NASA-Lewis Research Center 
(LeRC) provides project management for a portion 
of that program. 

The NASA-LeFC wind energy program includes the 
(l) design and operation of a 100-kW experimental 
wind turbine generator (WTG), (2) program 
managemer.* of industry-designed and user operated 
WTG's in the 50 to 3,000 kilowatt range, and 
(3) development of supporting research and tech- 
nology for WTG energy systems. 

To meet this objective, LeRC selected a 100-kW WTG 
as being large enough to assess technology and 
solve engineering problems of large (1-3 mega- 
watts) WTG's and yet. to maintain costs within the 
available project budget. The test program, pro- 
vides engineering data needed to determine whether 
the technology for wind energy can be used to 
create machines that will help meet the nation's 
energy’ needs at costs that are competitive with 
other systems. 


E = modulus of elasticity, lb/in. 2 
G = shear modulus of elasticity, lb/in. 2 
= damping coefficient 
= area moment of inertia, in. 

= polar moment of inertia, in.** 

= torsional stiffness, in. -lb/deg 
r = radial blade dimension, in. 

R = blade radius at tip, in. 

V w = wind velocity, mi /hr 
0 = blade pitch angle, deg 

w n = natural frequency, rad/sec 
U = rotational velocity, rad/sec 


INT R ODUCTION 

Rec ;nt shortages in the supply of clean energy, 
co. 'pled with increasing costs of fuel, have forced 
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Test results obtained during the period from 
October 1975 through April 1976, while the air 
flow was blocked by the tower stairs, have been 
correlated with analyses. The first effort to 
provide test/annlysis correlation was carried out 
by the Lockheed California Company under NASA 
sponsorship, Contract NAS3-20036; the results of 
this contracted study are extensively reported in 
thif paper. 

A marked improvement in porosity of the tower has 
been achieved by removal of the tower stairs and 
rails. The test results of this current Mod-0 
configuration shows that substantial reductions in 
blade flap bending loadings are obtained. A sec- 
ond improvement in the Mod-0 system has been the 
incorporation of a dual yaw-drive /brake-system 
which eliminates free play in the yaw axis. This 
benefits the yaw system structurally and also 
reduces blade inplane blade loadings. 

Engineering Conference, Washington, D.C. , 
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The Mod-0 test analysis program is providing the 
eagineering data necessary to support the develop- 
ment of wind turbine technology while directly 
solving the real engineering problems experienced 
with the Mod-0 machine. Analyses must account for 
the tower flexibility rotor system in a fully- 
coupled description t accurately predict loadings. 

fbfr'-A BY 

Configuration Fffects on Rotcr Blade Loads . Three 
sequential configuration evolutions have resulted 
in the current Mod-0 wind turbine. For each of th« 
three configurations, the wind turbine war opera- 
tionally tested in a similar wind environment. The 
purpose for the tests was primarily to compare 
rotor blade loads as a function of structural con- 
figuration, while attempting to maintain an identi- 
cal wind environment. 

Configuration I - The wind turbine tower is con- 
figured with stairs and rn own in Figure 1. 

A single yaw drive is installed between the tower 
and the nacelle as described in reference 1. 

Configuration II - The wind turbine tower stairs 
and rails are removed, as shown in Figure ?. The 
single yaw drive fcetwe'n the tower and the nacelle 
is retained. 


Figure 1. Mod-0 Wind Turbine - Original 
Configuration with Stairs and Rails. 


Figure . . Mod-0 Wind Turbine - Current 
Configuration without Stairs or Rails 

Ccnfi g urnt irr. Ill - The wind turbine tower stair: 
and rails are removed. A mechanical loch (yaw 
keeper) is installed between the nacelle and tower 
structure. The ynw keeper provi des much higher 
torsienal stiffness in yaw rotation than the 
single yaw drive. This has been mechanically In- 
corporated by design and installation of a dual 
yaw actuation drive combined with a brake system, 
see Figures 3 and l». 

Synoptically, the results that these coni jur tl 
changes achieved on the wind turbine blade root 
bending moments (measured at If ' ■ 1 es from the 
shaft renter line' are summarized on Table T. 


Figure 3. Mod-0 Wind Turbine - Current 
Configuration Tual Ynw Trive, Motors and 
dear Boxes 



TABLE I. BLADE BENDING MOMENTS MEASURED DURING OPERATION IN CONFIGURATIONS I, II AND III 
COMPARED WITH THE DESIGN LOADS 


MOO O 

OPERATIONAL 

CONFIGURATION 

BLAOE BENOING MOMENT (FT LBS) AT STATION 40 

FLAPWISE 

INPLANE 

PEAK TO PEAK 

MEAN 

CYCLIC 

PEAK TO PEAK 

MEAN 

CYCLIC 

CONFIG 1 

130.000 

-65.000 

165.000 

108.000 

-18.000 

±54.000 

CONFIG. II 

70.000 

— 17.850 

±35.000 

102.850 

-10.280 

±51,420 

CONFIG. Ill 

64.500 

-7.750 

±32.250 

80.000 

- 18.000 

±40,000 

DESIGN 

58.000 

-23.400 

±29.000 

75.000 

-11.200 

±37.500 



Figure I*. Mod-0 Wind Turbine Current 
Configuration Yaw Drive Disc Brakes 

The supporting tests and correlations which were 
conducted with analytical methods and which lead to 
the understanding and solution of these engineering 
problems is the primary subject of this paper. To 
facilitate a more detailed examination into the 
structural dynamics of the Mod-0 wind turbine sys- 
tem Appendix A has been included which provides 
basic Mod-0 geometry, mass and stiffness distribu- 
tions, blade frequency spectra, and tower wake test 
results by NASA LeRC and Lockheed, also see 
references 2, 3 and I*. 


producing 100 kW of power on the resistive load 
bank. The Configuration I operating conditions 
for the blade loads are shown in Table I. These 
loads are significantly higher than the loads used 
to design the blades, reference 3, for 50,000 hours 
of operating life, also shown in Table I. 

A visual inspection was conducted, by NASA, on each 
blade to detect any surface cracks or deformations. 
No surface irregularities were found. 

The character of the loading in flap bending at 
station to clearly indicates that a strong tower 
shadow effect was present, see Figure 5. The large 
pulse flap bending upwind, approximately forty-five 
(1*5) degrees past vertical (down) in the direction 
of rotation, is due to wake velocity deficiency 
behind the tower which results in large (12 degree) 
thrusting incremental angle of attack. 
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Figure 5. Configuration I of Mod-0, 1*0 RFM, 100 KW 


The blade loading measurements taken for configura- 
tions I, II and III, presented in Table I, were 
obtained with power loadings into a resistive load. 
Synchronous operation with emphasis on the power/ 
drive train dynamics is reported following this 
discussion. 

Rotor Loads for Configuration I. As reported in 
reference 2, the Mod-0 rotor was operating at 
1*0 rpm, the wind velocity was 26 mph with an inflow 
angle of 10 degrees and the wind turbine was 


The Lockheed California Company, designer and 
fabricator of the Mod-0 metal blades, was funded 
under Contract NAS 3-20036 by the NASA-Lewis 
Research Center to evaluate the test data and con- 
duct structural analyses of the wind turbine rotor 
blade to provide: 

Task I - Fatigue Analysis 

Task II - Analysis of Wind Velocity Measurement 
Test Data 
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Task III - Correlaticn of Analytical with Actual 
load? Data 

Task IV - Potential Structural Blade Modification 

Lockheed applied two different analytic computer 
programs to determine loads for correlation with 
measured data supplied by NASA: Lockheed's WIHTOR 

(WINd TUBMne) program, a quasi-steady fully- 
coupled analysis method (a brief description of 
the method is included in Peferer.ee 2); and an 
adaptation of Lockheed's BEXOF-WT (Bevised and 
Extended rotCF-Wind Turbine) program. 

Loads computed by the WINTUB program were used to 
calculate leads used in the fatigue analysis. 

Task I. The test conditions for which correlaticn 
was shown are: 

• Lo rpr. and 100 kV, see Figures 6 and 1 

• 1*C rpr. and zero power 

• 30 rpm and zero power 

• 20 rpr. and zero power 

• Emergency feathering 



ROTOR AZIMUTH - DEG 

Figure 6. Correlation of Blade Bending Moment 
Between Test Data and Analysis for NASA MOD-G 
100 kW Wind Turbine 

THEOFETICAL ANALYSIS 

The FEX0B-WT model provides for a variable- rotor- 
speed, fully-ccupled, non-linear aerostructural- 
dyr.amic simulation of the wind turbine system. The 
equations of motion use the Lagrange energy approach. 
The simulation includes a complete large-motion non- 
linear periodic coefficient representation of the 
blades and the asymmetric description of the tower- 
pylon-shaft system. The model is capable of simu- 
lating nonlinear spring, damper and control system 
characteristics. The blade loadings, inertial and 
aerodynamic, are defined in this study as 13 
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Figure 7. Correlation of Blaie Bending Moment 
Between Test ar.d Analysis for NASA MOD-0 IX) k'.. 
Wind Turbine 

radial panels. Aeroelastic analyses (divergence, 
flutter and stall) of rotating and stopped reter 
blades are presented in Heference 5- For added 
clarity of the general dynamic analysis of the 
led rotor-tower system, including considera- 
tion of order analysis of the nonlinear case, 
see References 6 and 7. 

The wind shear modeled in the program (actually 
in both the WINTUB and REX0R-WT programs) was 
defined by the equation 

v (r, -,t) = v ( t ) 

V W F.EF 

where H is the distance above the ground, varying 
with radial position, r, and azimuth indexing, , 
cf each blade. Hpjy is the reference altitude at 
which the wind velocity is defined. A value cf 
= G.2 was used. 



Tower shadow data for this study was supplied by 
NASA from wind tunnel model tests. A comparison 
of the wind tunnel data with a simplified approxi- 
mation used ir. the model ar.d with test data from 
Task IT which was supplied by Lockheed's 
Huntsville facility is shown on Figure 6. The 
comparison is good. The analytic representation 
ir. the model is a simple triangular pattern which 
has n thirty degree azimuthal sector width and 
100 percent retardation of the wind at the peak of 
the triangle, directly behind the tower. The 
pattern is shown ir. the following sketch: 


WIND 
VI LOCITY 
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The REX0R-WT solution method is a stepwise time 
history. The time step of integration is one- 
fortieth to one-sixtieth cf the period of the 
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Figure 8. Comparison of Measured Flow 
Retardation With Pulse Used in Analyses (at 
approx. 0.8R) 

highest system dynamic frequency. A comparison of 
experiment, WINTUR, and REXOR-WT results is shown 
on Tatle II. 

Introducing tower flexibility generally improved 
the correlation except ♦'or 5P chordwise bending 
moments. The effect of tower flexibility was to 

TABLE II. COMPARISON OF REXOR AND WINTUR ANALYSIS 


improve correlation of the 3P and 5P flapwise 
bending moments and (in particular) the 3P chord- 
wise moments. The flexible tower analysis tends to 
overpredict 2P flap and chord moments. Examination 
of time histories indicated this was due primarily 
to the control system feeding 2P collective oscil- 
lations into the system. 

As expected, freeing the rotor shaft has a signifi- 
cant effect on 1*P chord moments. A very significant 
effect was also seen in the 5F chord moments . The 
fixed shaft analysis tended to underpredict these 
moments by a factor of two whereas the flexible 
tower/shaft analysis apparently caused a tuning of 
the system to 5P, resulting in overprediction of 
the 5P chord moments by a factor of two. 

This tuning effect means that these loads are 
critically dependent on assumptions regarding 
structural damping on the blades , tower and nacelle 
as well as the accuracy of modelling the structural 
dynamics of the nacelle/tower. An analysis with 
the nacelle yaw-degree-of-freedom locked out 
resulted in a large change of the predicted 5P in- 
plane moments at station 1*0 from 526,000 in-lb to 
1*0,200 in-lb. This indicates that these loads are 
very dependent upon both stiffness and damping of 
the nacelle yaw system. 

An over-plot showing the effect of rigidizing the 
nacelle yaw drive on inplane bending moments is 
shown in Figure 9. 

More correlation data are presented in Tables II 
through VI. Shown in these tables is a comparison 

RESULTS AND EXPERIMENTAL DATA - 0 kW, 1*0 RPM 


HARMONIC 

LOAD/SOURCE 

OP 

IP 

2P 

3P 

» ■ 1 

5P 

AMP 

AMP 

* 

AMP 

4 

AMP 

♦ 

AMP 

4 

AMP 

4 

ST A 40 FLAP (IN-LB) 












im 

REXOR ( |21 

-934.000 

294.000 

118° 

345,000 

5° 

236.000 

114® 

63.000 

86° 

90.000 

45° 

-901.000 

376,500 

118° 

231.700 

20® 

165,000 

5° 

51.000 

80® 

36.500 

45° 

WINTUR (2) 

-988.500 

410.000 

121° 

240.000 

30® 

228.000 

19® 

74.000 

7® 

60.000 

60® 

EXPERIMENTAL 131 

-954.000 

320.000 

154° 

230.000 

34° 

290,000 

8® 

99.000 

85® 

110,000 

52° 

STA 40 "INPLANE" (IN-LB) 












ini 

-245.000 

467.000 

0° 

88.200 

1® 

225.000 

59® 

15.000 

82° 

526.000 

46° 

REX0R 1(2) 

-238,000 

451.000 

3® 

11.100 

55® 

49.000 

59® 

230.000 

34° 

93.000 

47® 

WINTUR (2) 

-245.000 

451.000 

3° 

7.800 

61® 

67.000 

78° 

278.300 

55® 

122.000 

62° 

EXPERIMENTAL (3) 

-307.000 

450.000 

350° 

48.000 

23° 

220,000 

52° 

112.000 

25® 

247.000 

45° 

STA 370 FLAP (IN LB) 












rexor i;;; 

-243.000 

74.800 

115° 

102.000 

7® 

79.400 

117° 

21.600 

89° 

38.000 

52° 

-231.000 

97.600 

118° 

66.700 

23® 

52.300 

8 ° 

20.900 

S3® 

15.200 

50° 

WINTUR (2) 

-256.000 

108.000 

120° 

69.E30 

32® 

66.600 

21° 

22.700 

10 ® 

18.700 

64° 

EXPERIMENTAL (3) 

-219.000 

71.000 

156° 

59.600 

31° 

88,000 

3® 

32.000 

80® 

37.000 

52° 

STA 370 CHORD (IN LB) 












1 (1) 

rexor j,,, 

-72.000 

87.500 

«° 

30.500 

4® 

86.100 

58° 

2.600 

80° 

1 78.000 

47° 

-66.300 

83.700 

9° 

7.000 

38® 

13.000 

57® 

70.600 

34® 

28.300 

48° 

WINTUR (21 

-59.300 

81.200 

8° 

8.100 

40® 

18.200 

78® 

64.000 

56° 

34.100 

62° 

EXPERIMENTAL (3) 

-104.000 

93.000 

347° 

23.000 

20® 

61.000 

49° 

37.000 

23° 

90 000 

44° 

NOTES (1) FLEXIBLE TOWER/SHAFT AND ACTIVE PITCH CONTROL SYSTEM 
121 FIXED SHAFT 

131 APPROXIMATE READING ACCURACY: 

STA 40 FLAP *30,000 IN LB. INPLANE ±10.000 
STA 370 FLAP tl 2.000 IN LB. CHORD16.OOO 
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Figure 9* 100 kW - Uo rim Time History Rexor - Wt 


of the harmonics of flap and chordvise tending 
moments and rotor shaft torque for t.ie 0 kW - 
to rpm, the 100 kW - to rpm, the 0 kW - 30 rpm, 
and the 0 kW - 20 rpm "steady" operating condi- 
tions. The comparison shows experimental data and 
results of the REX0P simulation. Table III is a 
repeat of the data of Table IT, except that shaft 
torque is added. 

In reviewing recorded shaft torque, th«oretically , 
harmonics of IF, 3P, 5T, etc., should be zero, yet 
experimental data shows magnitudes of these odd 
harmonics of the same order ns the even harmonies. 
This raises questions as to the accuracy of the 
shaft torque experimental data examined in these 
studies or that the control system is pumping in 
extraneous frequency excitation. 


TAPLE III. MOD-O CORREIATI0K STUDY - 0 kW, 1*0 PIT 


HARMONIC 

OP 

IS 

~ 

2P 


3P 

*_7 

4P 


6P 


LOAD ^ 

AMP 

— 

AMP 

♦ 

AMP 

* 

AMP 

* 

AMP 

♦ 

AMP 

< 

STA 40 FLAP (IN LB) 
ANALYSIS 

-934.000 

294.000 

11B° 

345.000 

6° 

236.000 

1,4“ 

63.000 

86° 

90000 

45° 

EXP 

-954.000 

320.000 

154° 

230.000 

34° 

290.000 

8° 

99.000 

85° 

1 10.000 

52° 

_J 

STA 40 CHORD (IN LB) 












analysis 

-245.000 

467.000 

0° 

88.200 

1° 

225.000 

59° 

15.000 

82“ 

526.000 

46° 

E\P 

-307.000 

450.000 

350° 

48.000 

23° 

220.000 

52° 

1 1 7.000 

25° 

247.000 

4S“ J 

STA 370 e LAP (IN LB) 
ANAL ' >»S 

-243,000 

74.800 

M5° 

102.000 

7° 

79.400 

117° 

21.600 

89° 

38,000 

52° 

EXP 

-219.000 

71.000 

155° 

59.600 

31° 

88.000 

3° 

32 000 

80° 

37.000 

52° | 

STA 370 CHORD (IN LB) 
ANALYSIS 

-72.000 

87.500 

4» 

30.500 

4° 

56.100 

58° 

2.600 

80° 

178.000 


EXP 

-104 000 

93.000 

347° 

23.000 

20° 

61.000 

49° 

37.000 

21° 

90.000 

«°J 

SHAFT TORQUE (IN LB) 
ANALYSIS 

-S7 

170 

' 

4° 

19.200 

88° 

1.050 

2° 

27 000 

40° 

540 

45° 

EXP 

-6,200 

18.300 

L 

315° 

24.700 

4 7° 

31.800 

75° 

26.000 

26° 

24 000 

70° 


TABLE IV. MOD-O CORRELATION ETUDY - 100 kW, In RPM 


HARMONIC 

* 

IP 

2P 

3P 

4P 

5P 

LOAD ^ 

AMP 

AMP 

• 

AMP 

4 

AMP 

4 

AMP 

4 

AMP 

* 

STA 40 FLAP (IN LBI 












ANALYSIS 

-398.000 

341.700 

106° 

368.000 

13° 

249 000 

-12° 

99 600 

-20° 

106.900 

48° 

EXP 

-373.000 

361 000 

151° 

380.000 

36° 

192.000 

16° 

85 400 

0° 

105 000 

58° 

STA4U CHORD UN LBI 












ANALYSIS 

-214.500 

464.600 

-5° 

51.700 

8° 

239 000 

c 

o 

73.000 

70° 

454 000 

46° 

EXP 

-271.000 

504.000 

4° 

56.200 

28° 

171.700 

67° 

29.200 

57° 

153 000 

64° 

STA 370 FLAP (IN LBI 












ANALYSIS 

-77.600 

92.200 

105° 

108.000 

16° 

84.400 

-B n 

28.700 

70° 

52.000 

5- 

EXP 

63.200 

97.400 

143° 

108.200 

32° 

52.000 

11° 

31.100 

84° 

38 600 

61° 

STA 370CHORO (IN LBI 












ANALYSIS 

-48.700 

86 900 

-2° 

19.500 

11° 

59 500 

60° 

21.500 

69° 

157 000 

46° 

EXP 

59 000 

98.000 

6° 

33.400 

28° 

46. TOC 

66° 

14.400 

60° 

54.400 

54° 

SHAFT TORQUE (IN LBI 












ANALYSIS 

-284.000 

8.900 

196° 

33.400 

98° 

16 900 

70° 

37.500 

18° 

8.350 

5° 

EXP 

-319,000 

18.700 

349° 

27.500 



33° 

13.700 

91° 



34.900 

9° 



7.600 

43° 






TABLE V. MOD-O CORRELATION STUDY - 0 kW, 30 RPM 


HARMONIC 

LOAD 

OP 

IP 

2P 

- 

4 P 

SP 

AMP 

AMP 

♦ ' 

AMP 

IT 

AMP 

4 

AMP 

* 

AMP 

9 

ST A 40 FLAP (INLB) 
ANALYSIS 
EXP 

-671.000 

567.000 

1 88.000 
316.000 

123° 

126° 

1 16,000 
106.000 

4° 

-6° 

110.700 

143.000 

10° 

-13° 

85.900 

140.000 

77® 

62° 

68.000 

67.000 

50° 

50° 

STA 40 CHORD (IN LSI 
ANALYSIS 
EXP 

-122 000 
-222.000 

447.000 

418.000 

i° 

-s° 

24.200 

31.700 

3° 

20° 

35.000 

32.100 

50° 

34° 

13.400 

39.000 

76° 

67° 

144.000 

146.000 

13° 

13° 

STA 370 FLAP UN LSI 
ANALYSIS 
EXP 

-145.000 

47.300 


34.600 

6° 

36.700 

102° 

29000 

79° 

32 800 

64° 

STA 370 CHORD IIN LBI 
ANALYSIS 
EXP 

-36.700 

— 

84.500 

3° 

8.960 

5° 

6.500 

SO" 

3.900 

78° 

4.300 

13° 

SHAFT TORQUE (IN LB) 
ANALYSIS 
EXP 

7.400 

25.000 

807 

14.300 

0‘ 

150° 

3,150 

5.800 

82° 

29° 

1.200 

8.800 

118° 

40° 

7.800 

19.400 

30® 

96° 

2.800 

2400 

32° 


TABLE VI. MOD-O '’OBRELATIOII STUDY - 0 kW, 20 RPM 


HARMONIC 

LOAD 


’V . 

_ - ’ 

— 

3P 

4P 

1 

AMP 

AMP 

* 

- 

4 

*MP 

4 

AMP 

♦ 

AMP 


STA 40 FLAP (IN- LB) 
ANALYSIS 
EXP 

-299.000 

-223.000 

268.500 

291.000 

137® 

101® 

— 

58.900 

46.000 

175® 

136® 

114.100 

26.600 

100® 

135° 

94. 700 
103.600 

— — ■ 

47® 

63° 

147.200 

66.000 

- ■ ■- j 

31° 

44" 

STA 40 CHORO (IN LB) 
ANALYSIS 
EXP 

-123.300 

-147.000 

427.000 

437.600 

s® 

6® 

23.400 

39.700 

174® 

137® 

6.100 

23.000 

94° 

32° 

36.500 

26.400 

— 

46° 

44® 

— 

44.300 

34.200 

• I 

i° 

17® 

STA 370 FLAP IIN-LBt 
ANALYSIS 
EXP 

-102.600 

65.700 

131° 

17.900 

175° 

33.200 

102° 

30.400 

48® 

51 700 

33° 

STA 370 CHORD (IN LB) 
ANALYSIS 
EXP 

-37.000 

90.800 

10® 



8.740 

175° 

4.900 

100° 

12.100 

47® 

9 200 

— 

1® 

SHAFT TORQUE II7LLBI 
ANALYSIS 
EXP 

1 ! 

730 

19.900 

.2. 

22900 

145® 

129® 

3.000 

9.800 

78® 

64° 

121 

11.400 

64® 

95° 

29.800 

16000 

89® 

41® 

76 

16500 

83° 

37® 


Good correlation is shown for all the harmonics for 
the condition of Table III with the exception o\ 
the bp and 5P inplane/ehordwise bending moments. 
Similar results are obtained for the ICO kW - 
bo rpm conditions shown in Table IV. 

Table V shows a comparison of the harmonies of the 
same flapwise and inplane/ehordwise bending momnets 
and rotor torque for the 0 kW - 30 rpm condition, 
and Table VI gives the comparison of loads for the 
0 V.W - 20 rpm. Good correlation is obtained at all 
three rotor speeds. The peak flapwise bending 
moment, at the higher rotor speeds, is underpre- 
dieted by approximately 15 percent, see Figure 10. 

The "first emergency feather" case was selected for 
transient correlation. The reaults of transient 
PEX0F-WT analysis are presented in plotted time 
history compared with experimental data is shown 
in Figure 11. 
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Figure 10. Time History Comparison of KEXOR - Wt 
and Experimental Data 
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Figure 11. Time History of "First Haergency 
Feather" 

At a selected time, the blade pitch angle war com- 
manded to feather and thereby stop the rotor. The 
time was selected to attempt to have the initinl 
rotor indexing correspond *o the experimental 
azimuth indexing. 


Figure 11 shows the comparison of blade angle and 
rotor speed. Ilote that the predicted rotor speed 
decay is analytically farter than the experimental 
rate. This difference causes the relative phasings 
of the analysis and experimental loads to shift 
with time since load nm|litudea are azimuth depen- 
dent. This shift in phase is best illustrated by 
the sine waves of rotor azimuth (predicted and 
experimental) plotted on the bottom of Figure 11. 

This means that the correlation should be directed 
at an envelope of loads, not at the relative load 
phasing. 

Figure 11 also shows a comparison of the experi- 
mental and predicted time histories of flap’ and 
Inplane bending at station to. Ilote the fairly 
good comparison of moment amplitudes. 

The drive shaft Up oscillatory loads problem 
appears to be associated with the variable spring 

6 


rate of the low speed shaft flex coupling. A 
couplrr of variable tor: Iona] stiffness connectB 
the windmill nhnft to the gear train that drives 
the generator. The stiffness varies with output 
torque so that the low frequency genr rator-t lade 
natural frequency varies (see Fie. 1? and Fef. 8) 
from Just above 3P to Just above 6F as power out- 
put varies from 100 kW to zero at full rpm. This 
causer, torrionnl resonant oscillations of the 
generator at IF nt power or torque output levels 
within the uscahle range, as indicated in this 
figure. Two solutions to this problem, in the 
way of C’infigurnt ion cb anger , appear to be 
feasible: 

a Increase the coupler stiffr.ers sufficiently to 
rnire the natural frequency of tie mode to an 
acceptable level (being careful to not drive it 
into the 6r region), or 

• Add a torrionnl damper across the coupler that 
Increases dnmpinr in the mode to greater than 
10 percent of critical. 

Figure 13 shows the variation in natural frequency 
nnd mode shnpe of the 1st and ?nd torsional/ 
rotational modes nr the coupling stiffness is in- 
•reased. The modes are shown with unit blade tip 

■ . ■ : enl ini 

rotation , 'oquIv.» i* bhe actual armature 

rotation factored by 1/genr ratio. The low fre- 
quency modes are characterized by generator torque 
moments op poring blade deflection moments, wb.ile 
the High frequency modes are characterized by 
blade and generator arrnture momentf opposing the 
rotor hub motion moments. Mode r is seen to be a 
rotor 1st inplane collective mode that, hns a rota- 
tional frequency of approximately 1CP and is not 
likely to cause serious resonar.ee pr tlems. (How- 
ever, it too should be detuned from an even integer 
vnlue of F) . 

The low frequency mode (Mode 1) resembles u simple 
two-spool mode, and ar such possesses a generator 
torque t rnr.rmi nribi 1 1 ty that changes little with 
shaft torsional stiffness. Tranamlssibllity 
actually reduces somewhat with increasing shBft 
stiffness due to b’nde bending. Tf the coupling 
stiffness is increased and made mere nearly inde- 
pendent of shaft torque, the system can be de- 
tuned. A disadvantage to thin solution is that 
the resonant frequency might still cress the 6F 
line during speed-up to and slow-down from operat- 
ing rpm, and large oscillations could occur if the 
rpm dwelled at a critical vnlue fer any length of 
time. These would he amplitude-limited only by 
generator damping and not by the non-linearity of 
the spring as they appear to be nt present. 

The second solution, that of employing a damper 
while leaving the coupling in its present configu- 
ration, would not eliminate the 1*P resonance but 
could attenuate its amplitude to an acceptable 
level. The damper would also attenuate vibrations 
at other frequencies. 



rollout, n l« 

Figure 12. Drivetruin Stiffness 

Conclusions and Fer-onmcndationr Based on 
Test /Analysis 

• Accurate prediction of Unde loads, j art iculnrl;. 
at higher frequency, requires an accurate de- 
scription of tover, nacelle, and drive trnin 
dynamics . 

• Blade high frequency node ♦using car. be sig- 
nificantly nffected by the structural dynamics 
of the tower and nacelle. Chord bending must 
be monitored if nacelle yaw system character- 
istics are changed to assure that blade loads 
don't become excessive. 

a Cood agreement between calculated and measured 
loads was obtained in an analysis that in- 
cluded only two blade dynamic modes, first 
flap and first inplone, and a blade quasi - 
steady torsion mode. 

a Operation of the W7G, In its present configu- 
ration, should avoid power and rpm combina- 
tions that result in generator-armature 
resonance. 

a To eliminate the arr.aturt resonnnce problem, 
use of either an increased stiffness coupling 
or an across-coupler damper appears feasible. 
Further analyses would aid in malting a choice 
and are required to ensure an adequate design. 


OPFP-ATIOii FXTERirm A-’.T FXTTRI WNTAI CAT A 

It was apparent that certain redesign actions were 
needed to reduce the rotor blade loads. Fven 
though the estimated level of blade fatigue damage 
was small, further operation in Configuration I 
would lead to a significantly shorter blade fatigue 
life than planned. Lockheed determined that less 
than 10 percent of the fatigue life of the blades 
was expended during operation in Configuration I. < 
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Figure lj. Generator Armature, Shaft and Wind 
Turbine Blade Natural Vibration Modes and 
Frequencies vs Shaft Stiffness 



•JAfA-lrFC decided to remove the stairs in the 
center of the tower structure. The stairs were 
used to provide access from the ground to the 
nncelle, on top of the tower, that houses *he 
rotating machinery. 

Also, two structural rails were removed from one 
side of the tower. The rails were used to guide n 
cable car that also provided access to the top of 
the tower. The increased air flow tends to smooth 
transitory air loads on the rotor blades as they 
sweep from freestrenm into the airflow on the 
downwind side of the tower. The expected Improve- 
ment is from almost a 100 percent velocity deficit 
to only n ?'■ percent velocity loss, based on both 
wind tunnel test and laser doppler velocimeter 
measurements. This configuration, designated TI , 
was then tested at very similar wind conditions to 
facilitate comparison with the original test con- 
figuration I. 

Rotor Loads for Configuration IT. With the Mod-0 
wind turbine in configuration II, the machine was 
operated at bo rpm and data was taken as shown in 
Figure lb. The flapwise and ehordwise blad» bend- 
ing moments at station bo are shown in Figure lb. 
Blade station bO la located bO inches from the 
center of rotation, measured along the blade rndial 
centerline. Seven cycles of flapwise and inplane 
bending moments were analyzed. The seven cycles 
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Figure lb. Operation in Configuration II 
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selected fall between the two vertical parallel 
linen shewn in Figure lb. During that time 
! >t! od, the llnge pitch angle maintained an aver- 
age value of -P . The blade pitch angle war. con- 
trolled to maintain constant rotor angular speed 
(rpm). The alternator power into the renirtlve 
load bank war manually set at 89 kW, Because the 
winds were quite vnriable, us shown in Figure lb. 

It was difficult to manually control maximum 
pow«.r, also shown in Figure lb, while maintaining 
bO rpm. The wind direction angle with respect to 
the nacelle , M igulnr position, (Inflow a. rle 
shown in Figure lb, fluctuated betw on h i'. J° 

durinr the time period selected. fhe average in- 
flow ngle was estimated at nbout 10°. The tor- 
sion r nent measured between ti.e nacelle and the 
tower. Figure lb, fluctuated to high values. The 
natural frequency of the nacelle drive mechanism 
has been analyzed ac being elore to the frequency 
of the yaw torque loads produced by the rotor 
blades. For this reason, the peak vnlues of the 
yaw torsion loads are seen to amplify - and attenu- 
ate over the time period considered. I.'AEA-LeRC 
was concerned that there high peak loads occurring 
in the yaw drive mechanism would sign! fi cantly 
reduce its fatigue life. 

Redesign of the yaw drive mechanism appeared nec- 
essary. Analyses conducted for TIAfA-LePC by 
Lockheed Aircraft Corp. indicated that if the 
torsional stiffness of the single yaw drive 
mechanism was increa-ed, an attenuation of in- 
plane blade cyclic bending moments would occur. 

A yaw keeper wan originally designed and in- 
stalled on the Mod-0 wind turbine to restrain 
the nacelle in the yaw direction ns a safety 
precaution, during assembly or disassembly of 
the yaw drive mechanism. The yaw keeper, when 
installed, provides a torsions’ coupling between 
the tower and nacelle that is stiffer than the 
single yaw drive mechanism. Because the yaw 
keeper was available for use, and becnu.ie it pro- 
vided added torsional stiffness, !!AfA LeRC 
decided to conduct operational tests on the Mod-0 
wind turbine with the yaw keeper Installed. 

Rotor Loads for Configuration III . With the 
Mod-0 wind turbine in configuration III, the 
machine war operated at bo rpm, producing 100 kW 
into the resistive load bank. The data is shown 
in Figure 15. 

The flapwise and chordwire blade bending moments 
at station bO are shown in Figure l c . Ten cycler 
of flapwise and inplane bending moments were 
analyzed. Tbe ten cycles selected are banded by 
the two vertical parallel lines. During that time 
period the blade pitch angle, shown in Figure 15, 
maintained on average value of -3.5°. The wind 
direction angle with respect to the nacelle angu- 
lar position. Figure 15, fluctuated between -6° 
and -16° over the time period selected. The aver- 
age value is estimated at -1?°. The yaw keeper, 
when installed, only allowr one angular position 
of the nacelle with respect to the tower structure, 
or ground. The nacelle is positioned at ?5T C from 
grid north pokition. This restricts the operation 
of the Mod-0 to the time periods when the wind 
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up the unit and to run operat Ior.nl tests prior 
to aBBontly on the vlnd turbine. Tils dr-si rr. 
provides higher r.ti ffr.er.r, between he naool]. 
end tower then the single yaw drive dc-lgn. 

The -inrle yew drive allowed about .. r Jegree 
In ynw free flay. The duel ynw driv> war 
designed to reduce the free play hy preloedinr 
the drive shafts, In torsion, one against the 
other. 

P. In Figure l, three • 

shown. When the disc brakes are applied, n 
friction lock Is obtained between the tower 
and nacelle. This system w nr designed as n 
replacement for the yaw keeper. The dire 
brake nyrt.em allows any dec* red locked orien- 
tation of the nacelle and rotor binder with 
respect to the wind direction. In nddi'icn 
the disc t’ • ke design provide- vnrlal> yaw 
moi.ent st .'fnern in excess of that prvided 
by the double yaw drive. 

Comtarlsof of Plndc loads Turinr "pern* I ■' r ir, 

>' or.fi -u’-at ion I, II and I 

The average blade loads measured during operation 

in configuration I. IT and III are rhown in 

Table I. 


N AC till WIND set ID mph 


BO 

JO 


lACfllf WIND OlAt CTION d-, 

10 

Figure ll>. Operation In CanflgurmtloR til 

direction Is from the South-Vest. Thi* position 
war selected because the most predominate ui-.d 
direction 1 from the fouth-We*t at the wind 
turl ine t !*e. 

"he yaw keeper design prevented a close match of 
the vlnd Inflow angles m< arured during operation 
of tb - wind turbine for c^nf 1 g jr» tlonr T an 1 II. 
A wind inflow angle of -IP w- -rian-ed dur- 
ing operation In ronfl urntt* while a 

♦ 10° inflow angle was .stlmn uurir.g operation 
in con fi gvr a* ,oi s I and TT. 

At a result d these test data and a need te 
reduce rotor Hade leads during Mod-' operation, 
N'APA-iepf designed and assembled a r.ev yaw drive 
uni*. Tb- unit war installed on the Mod-0 wind 
turbine in March l^TT for op.-rat lonal tests. 

• ■■ ' |'T * a: • v tun . 

described below. 

Tvr yaw drive mechanisms vert used, rather 
than one, and Is called the "dual yaw 
drive unit." Twt elec’-le motors ar.d two 
gear boxes, used to dri e the nacelle in 
yaw, are shown in Figure 3. The dual yaw 
drive is mounted to a test stand in this 
figure. The test stand war used to build 



Or. comparing flapv'se blade bendlnr r rent for 
configuration I ar.d II tbe observations are 
listed below. 

1. The average Cyclic flapvltt bending m -• !' V 
reduced by *-)' per-ent during operation in 
cor.f igurat ion. ’I. 

. . The rear fla-vire bend r.g moment war reduced 
ty 7' percent during operation in 
con f Igurat ion IT. 

he average peak 1 eak , meat nd c 11 
lending moments experienced during opernti r In 
cop. r igurat ion IT were somewhat smaller ‘hap. i he 
loads r.ea.-ure-s luring ■•• • • • 

There resultr Indicate thn» removal of tb.e tower 
stairs and rails has a pronounced effect or, re- 
luclr.g tb.e flapwise let, ling mcmer.t lrn it in the 
roto r blade . However, eonfigurr.Mon IT had 
little effect on reducing the irilane bending 
moment leads In tb.e rotor blades. 

On comparing inplar.e llade lending r.i men* • f < r 
... r .• rural Ion IT and TIT, th< bat rvat . p 
lls’ed below; 

1. Tbie average cyclic inpltir.e lending moment wa 
reduced by ?? percent durir.g operation !r. 
conf igurat It r, III, 

?. Tie rear. Inplar.e lending m.< rent ir.cn • < i t.. 

7 C percent during op-rat lor. In 
con figurat loir. ITT. 

The average peak to peak, rean and cyclic flhpwise 
bending moments experienced during opera *!or. In 
configuration ITT are smaller than. ♦ b e loads 
measured during operation in conf i gura* I on II. 


_ . . & * D A ft?. 



These results Indicate that by Increasing the yaw 
stiffness of the structure between the nacelle and 
tower, the cyclic inplane blade bending moments 
can be significantly reduced. However, configura- 
tion III had little effect on reducing the cyclic 
flc 'ise blr.de bending moments, when compared to 
the blade loads encountered during operation in 
configuration II. 

Synchronous Operation - Power /Drive Train Pynanies 
Figures If, IT and 18 present data representative 
cf operation on a large power grid. Fach of the 
figures show time histories of blade flapwise and 
chordvire bending moments, rotor torque, alternator 
power and current, rotor blade pitch angle and 
rotor speed. 


oscillations were encountered at this "off-derign" 
rotor speed. 

The pover oscillations were attributed to a drive 
train resonance at 1*0 rpm, or twice the rotor 
speed of 20 rpm. The resonant response .s driven 
by the excitation of rotor torque caused by tower 
shadow. A plot of calculated rotor torque versus 
rotor position for a 1*0 rpm rotor speed is shown 
in Figure 19, and is illustrative of the ‘crque 
characteristics for all rotor speeds . This 
torque as the driving force of the rotor will re- 
sult ir. ar. impulse each time a blade passes 
behind the tower. The drive train mus* either 
store this toraue impulse or transmit it to the 
generator which will result in a power fluctuation 


Ir. synchronous operation, the alternator is essen- 
tially locked to the power grid at a fixed speed 
of l80C rpm. The wind turbine is therefore con- 
strained to operate at a fixed speed dictated by 
the mechanical advantage between the wind turbine 
and the alternator. Any tendency on the part of 
the rotor to vary from this fixed speed is re- 
flected in drive train deflection. The data pre- 
sented illustrates the effect of drive train 
flexibility on synchronous operation on the Mod-0 
machine. 

Initial synchronous, operation of the Mod-0 wind 
turbine was conducted at a 20 rpm rotor speed. 

This speed was chosen because high rotor blade 
loads had been encountered at the design rotor 
speed of 1*0 rpm. These high blade loads were the 
result of excessive nacelle yawing notion during 
1*0 rpm operation. Tests at 1*0 rpm were discon- 
tinued until a modification to eliminate this yaw 
problem could be incorporated. In the meantime, 
synchronous operation tests at 20 rpm were 
planned. Turing these tests, large power 


In the case of the Mod-0 test at 20 rpm, the 
torque impulses occurring at 2 times the rotcr 
speed (2F) coincided with the drive train natural 
frequency, ar.d the impulse leads were amplified 
to create a power oscillation with a peak-to-peak 
value approximately equel to the power set point 
as shown in Figure 16. As indicated in the fig- 
ure, blade loads were not significantly affected 
by the power oscillations, but rot.or torque was a 
direct analog of the power trace. The tuneu 
power oscillations have beer, generally at 2P and 
exhibit a beating tendency with a 10 to 20-second 
period. 

The oscillations were obviously due tc drive train 
resonances at the 20 rpm rotor speed and it was 
predicted that operation at 26.3 rpm would sepa- 
rate the forcing frequency from the drive train 
resonance (i.e., drive train resonance at 1*0 cpm, 
forcing function 2x26.3 = 52.6 cpm) and reduce 
the magnitude of the oscillation. The results of 
these tests at 26.3 rpm are shown in Figure 17. 

:.’o improvement resulted from the change in rotor 
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Figure 16. 20 RFM Synchronous Operation 
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Fig ire 17. 26.3 RiM Synchronous operation 
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Figure 18. 40 RiM Synchronous operation 


speed as predicted and we concluded that the 
expected result could be explained by the non- 
linear spring characteristics of tne low speed 
whaft coupling, resulting in a drive train which 
would produce a resonance response over a broad 
frequency range. 


After these results were obtained, it. was felt 
that an increase in the rotor speed to 4o rpr. , 
the design speed, would demonstrate a marked re- 
duction in power oscillations. Tue to the prob- 
lems with the yaw restraint, mentioned above, 
these tests were conducted with the nacelle locked 
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to the tewor. (Tests nt 26. 3 rpm with and without 
the nacelle locked to the tower indicated that 
this had no effect on 2P power oscillations.) Ac 
indicated in Figure 18 the power oscillations 
Imve been greatly reduced at the 1*0 rpm rotor 
speed. 

Tests nt 1*0 rpr. rotor speed produced a more favor- 
able separation between drive train frequency and 
forcing frequency making the drive train appear 
more compliant or softer and permitting mere of 
the torque variations to be stored in the drive 
train. An indication of the effect of the softer 
drive train is shown by comparing the rotor speed 
traces in Figure 16, 17 and l8. Rotor speed is 
measured on the low speed shaft at the gear box. 

At 20 rpm the rotor speed is rather steady nr.d 
variations do not exceed 1 rpm peak to peak. At 
26.3 rpm rotor speed is very steady and at 1*0 rpm 
the rotor speed exhibits variations approaching 
2 rpm peak-to-peak. These tests indicate that 
a very soft highly compliant drive train will 
minimize power oscillations and will result in 
a smoother operating machine. This conclusion 
has been borne out by drive train analysis and 
hardware is being fabricated. The modified 
drive train will have its resonant frequency 
reduced by a factor of two and will have increased 
damping. This modification should result in an 
improved power trace throughout the range of 
rotor speeds from 20 rpm to tf) rpm. Other means of 
incorporating drive train flexibility are being 
investigated. Promising techniques will le evalu- 
ated in the Mod-0 program. 

Additional system test results Including blade 
loadings in the ERDA-NASA 100 kW Mod-0 as well os 
analysis of the £00 kW Mod-QA Wind Turbine, now 
being assembled for installation as part ot the 
municipal power plant of Clayton, New Mexico, is 
reported in Reference 9. 
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description of the 100-kW' WTC System 

The 100-kW’ experimental WTG consists of a two- 
bladed, horizontal-axis, rotor system driving, a 
synchronous electric generator through a 3tep-up 
^ear bo:.. This equipment is mounted on top of a 
100- foot tower as shown in Firure A-l, with the 
rotor located downwind from the tower. The rotor- 
turbine operates at U0 rpm generating 100 kW of 
electrical power with an lt?-mph wind velocity mea- 
sured at the rotor-turbine axis height. 

ROTOR STEED 



Figure A-l. 100 kW Experimental Wind Turbine 
Generator 

The hub and blades are counted on a shaft which 
drives a speeu-uj rear box. In the -ear bcx, the 
shaft rpm is increased from -0 to 1800 rpm. A 
high-speed shaft connects the rear box tc the 
1C0-XW alternator. 

The lt'5-foct-diameter hingeless rotor has tv. 
aluminum blades designed to provide 133 kW of 
shaft power at 10 mph wind speed when rotating at 
tO rpm. They have a 33.8 degree nonlinear twist 
with a i!ACA 23000 -eries airfoil. 

The pitch change mechanism consists of an hydraulic 
pump, a pressure control valve, actuator an d rears 
for rotational movement of the blades. This me- 
chanism is similar to that used on some aircr"^ 
propellers. At wind /eiocities above 10 mph, the 
rotor blades increase pitch, thus spilling the wind 
and ensuring that the electrical power developed 
does not exceed 100 kW. below 0 and above 60 mph 
tne turbine blade.-* will be placed in a feathered 
position and the machine shut down. 

The tower, 100 feet tall, is an open steel truss 
structure secured to a steel-reinforced concrete 
foundation. The WTG equipment at the top of the 
tower is designed tc rotate (yaw). Yaw control 
allows alignment of the rotor with the wind direc- 
tion. Yaw rate is 1/6 rpm and Is operational when 
the machine is or is not generating lower. This 
allows alignment with wind direction changes that 
occur with the passage of a weather front, but not 
with random variation of wind direction due to 
gusts. 


The tower was designed by the HASA-LeRC Facilities 
Engineering revision. In recognition of the impor- 
tance of this experimental facility tc the testing 
of future systems, the possibility of lynanic liter- 
action between the rotor and tower has been mini- 
mized by designing the structure with high stiffness 
and high natural frequency. A "ASTRAtl model r f this 
system has teen formulated an! the results of the 
dynamic analysis show that the first bending natural 
frequency of the tower/rot r is .5 Hz ( <.78F at 
; >0 rpm). 

The elastic characteristics of the auj pert shaft, 
bedplate, and tower have been coupled to the rotor 
system, and blade spectrum f requeue tea as well as 
flutter stntility solutions cbtaineu. Since the 
characteristics of the tovc- support are asymmetric 
and r< ter is two-bladed, the system canr.ot be 
treated rigorously by stationary nonrotating system 
coordinates with constant coefficients, i.e., time 
variant equations must be solved. 

The 1 oekhee 1- 'al i ferr.ia Company began work in 
feptember 19V •> under Contract l.'AS3-19. 38 or. the 
100-kW WTG blades. This contract provided for 
design, analysis, fabrication, instrumentation, and 
shake-testing of three blades (set of . vith one 
spare). r Tade geometry is shown in Figure A-.'. 
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Figure A-2. Blade Geometry 

The use of spars, ribs, stringers, heavy nose skins, 
light trail ir. ‘-edge skir.s (thickness determined by 
avoidance of iiail damage), the root-end fitting and 
the two heavy machined ribs is derived fro' conven- 
tional aircraft dec I gn/fabriention technology. A 
D-spare structural concept was used which provides 
strength, rigidity, balance and low weight; these 
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Figure A-3. 100-kW Wind-Turbine Blaie 


p-alities are also consistent with rotary vir.r 
designs. Figure A-3 shows general structural 
:imer.sior.s for each blade. 

in the design of a rotor system, detailed consid- 
eration must be giver. to dynar.ic characteristics. 
Items that generally require attention are fre- 
quency placement, flutter inciudinr wake effects, 
torsior.-flat-inplar.e stability, stall flutter, rust 
response, and effect of tower support and control 
syster. characteristics on coupled rotor-tower dy- 
nar.ic stability, response, clearance, a:.: transient 
I 'Uds associated with syster. response during start- 
ing and stopping. 

■ r.e cantilevered blade frequency spectrum from 0 tc 
00 rpr. is presented in Figure A—. These results 
ore for the fully coupled flappinr - inplar.e bend- 
ing and torsion description. 

The distributed inertia characteristics of the 
blaue, described as a lumped turar.eter system, are 
giver, in Table A-I. Calculated structural stiff- 
ness curves for the distributed flap bending, in- 
plane bending, and torsion characteristics are 
presented on Figure A-5. 

Non-rotating structural tests were conducted on the 
first metal wind turbine blade mounted on a test 
fixture. This support fixture simulated the hub/ 
spindle stiffness of the 100 kW experimental wind 
turbine generator. The test/analysis frequency 
summary comparison presented in Table A-II sh ws 
that excellent correlation was obtained. The fre- 
quencies of the flapping modes and the inplane 
modes are both slightly higher than calculated 
which is largely attributed to higher blade bending 
stiffness levels being obtained. The first torsion 
mode was slightly lower than predicted, but for a 
<2000 cpn mode this is good correlation. 
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Figure A-U. Wind-Turbine Cantilever Blade 
Coupled Frequency Spectrum 

Med- Wind Turbir.e Tower • . :• sit; 

Mod-0 wind tunnel tower models have beer, ccnstru.-t.ed 
at approximately 1/50 scale and were tested inde- 
pendently by 1IAFA Lewis Fesearch "enter ar.d by 
Lockheed, using rake survey techniques tc determine 
the downstream pressure losses an i thereby determine 
the velocity field characteristics. The velority 
distribution of the full-scale syster. about the 
tower structure was also measured by a laser Peppier 
velocir.eter syster. recently developed by Lockheed. 






tabu. A- 1 . m:tal wind-turbine blade umr fafaki ter :t "J ibuti :: 


WEIGHT (LBS) 

X ARM (IN I 

V ARM (IN 1 

l ARM (IN ) 

l xx (LB IN 2 ) 

i VY ar. in j ) 

\ ZJ (LB IN 2 ) 

(LB IN 2 ) 

130.77 

0 00 

37.31 

0 00 

7676 

9244 

7676 

0 

188.99 

3.11 

54 96 

0.69 

15453 

25732 

19117 

3612 

257 64 

3 23 

79.01 

0 74 

33631 

19668 

46594 

7767 

130 17 

1.54 

124.89 

0.40 

29674 

26988 

39414 

3905 

135.68 

1 58 

171.27 

0.23 

28538 

26697 

41962 

3387 

117 69 

2.40 

213.81 

0.36 

22323 

21834 

36461 

2381 

114 95 

1.77 

257 66 

an 

21717 

17184 

32568 

1381 

55.04 

1 62 

290.65 

0.51 

3513 

7180 

8106 

413 

6896 

0.18 

312.58 

0.46 

4144 

9664 

11084 

700 

131.45 

0.36 

345.96 

0.12 

23018 

15446 

34842 

871 

10801 

0.10 

389 04 

0.16 

18656 

10265 

26461 

328 

109 09 

0 28 

433.14 

an 

18561 

8864 

25503 

178 

98 18 

0.27 

477.18 

008 

16432 

6823 

22070 

78 

84.39 

022 

521.19 

0.08 

14358 

4273 

17494 

21 

79.11 

0.16 

564.96 

0.01 

13032 

3132 

15624 

35 

56 05 

0.21 

60822 

0.01 

9172 

2281 

11195 

71 

20.08 

0.26 

642 34 

000 

841 

673 

1453 

23 

15.43 

0.13 

663.66 

0.07 

643 

706 

1307 

20 

2858 

0.04 

698. 1 1 

0.04 

5612 

1007 

6470 

36 

17.28 

0.29 

73645 

004 

1057 

398 

1444 

19 

1955 54 

1.13 

269 97 

063 

215264289 

225307 

215387656 

26587 
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Figure A-5. Wind-Turbine Blade Stiffness 
Distribution 

The IJASA I.ewi3 Research (’enter icinr tunnel was 
utilised in ths or.? cuss sri— th? ! s nnn- 

sored tests were conducted at the Wind Tunnel of 
the Guggenheim Aeronautical Laboratory at the 
California Institute of Technology in Easadena, 
California, under Lockheed independent development 
funding, Figure A-t>, references 10, 11, and 12. 
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TEST/ ANALYSIS FREQUENCY SUMMARY 

MODE SHAPE 

FULL TIP 
WEIGHT* 
7.4 LB/BLADE 
(TEST) 

NO TIP 
WEIGHT* 
(TEST) 

NO TIP 
WEIGHT 
(ANALYSIS! 

1ST FLAPPING 
2ND FLAPPING 
3RD FLAPPING 
1ST INPLANE 
2ND INPLANE 
1ST TORSION 

97.8 cpm 
280. 8 cpm 

600.0 cpm 

141.0 cpm 
567.6 cpm 

(NOT TESTED) 

103.8 cpm 
299.4 cpm 

622.8 cpm 
159.6 cpm 
588-0 cpm 

1968 cpm 

98.7 cpm 
286 cpm 
610 cpm 
143 cpm 
558 cpm 
2040 cpm 

•METAL BLADE WAS PRIMED BUT NOT THROUGH FINAL PAINT. 
SURFACE AREA WEIGHT WOULD INCREASE BY 25 LB/BLADE 


Both tests showed almost 100 percent velocity retar- 
dation when the tower stairs and rails were present 
and approximately L5 percent when the stairs and 
rails were removed. 

The Mod-0 tower was also examined at Lockheed by a 
computer graphics technique to rive a visual com- 
parison of porosity as wind direction is changed. 
Figure A-" shows the visual impression of porosity 
versus the actual measured drag from the Calcit 
tests . 

The tower for the 100 kW Mod-0 wind turbine ge n- 
erator is constructed of steel where members are 
both circular and angular in cross section. The 
circular sections were used for the near vertical 
members at the corners. The drar coefficient of a 
circular cylinder is 1.2 before transition, about 
two-thirds of the typical, angular structural ele- 
ment. A tower constructed entirely of tubing could 
be expected to have a smaller wake. 


IP 







Figure A-6. Conventional Truss Tower 
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Figure A-7. Comparison of Measure! Drag 'oefficient 
With Flow Angle; Mod-0 Tower 
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